The ordereddisordered phase transformation temperature and time of CuZn alloy before and after 2 GPa pressure treatment were measured by differential scanning calorimeter (DSC). The phase transformation activation energy and Avrami exponent were calculated and the effect of 2 GPa pressure treatment on the microstructure evolution was also discussed based on the kinetic parameters. The results show that 2 GPa pressure treatment on CuZn alloy from ordered (¢A) to disordered (¢) phase transformation shift to the low temperature region and can shortened the phase transformation time in the subsequent heating process, which is helpful to the formation of the microstructure with a fine grain size in CuZn alloy, but no new phase is generated.
Introduction
CuZn alloy is one of copper alloys that have been widely applied in shipping, machinery and aviation industries owing to its high strength, good corrosion-resistance and excellent cold and hot workability. However, the coarse grains and a trend to intergranular fracture of this material limit its service life and further application. 1, 2) Therefore, great effort has been given to refine grain and optimize microstructure of Cu Zn alloy.
37) It is reported that the microstructure can be optimized by means of high pressure treatment, 810) but few studies have focused on the microstructure evolution of Cu Zn alloy during the subsequent heating process after high pressure treatment. As we know, the ordereddisordered phase transformation would happen during the heating and cooling process, while the microstructure evolution depends on course of phase transformation. In this paper, the ordered disordered phase transformation during the following heating or cooling process of CuZn alloys after high pressure treatment has been studied from the standpoint of solid state phase transformation kinetics and the reasons to gain finegrained CuZn alloy are also discussed.
Experimental Procedure
The raw materials are annealing state CuZn alloys, in which 72.39% Cu, 24.18% Zn and 3.43% Al (mass fraction, %). The specimens were first smelted into the vacuum intermediate frequency induction furnace and casted into cylindrical billets in graphite mold. High-pressure experiments were performed on the CS-IIB type six-anvil highpressure equipment. The samples were pressurized to 2 GPa and heated to 700°C for 15 min. Then the pressure was released until the samples were cooled to room temperature. The CuZn alloy samples before and after high pressure treatment were measured in the differential scanning calorimeter (DSC) measurements (STA449C, Jupiter, Netzsch, Germany) with the heating temperature of 700°C and the heating rate of 5, 10 and 20°C·min ¹1 respectively. The phase transformation activation energy (E c ) of the sample was calculated by the Kissinger equation: 11) ln(BT ¹2 ) = ¹E c (RT) ¹1 + c. Where, B is the heating rate, T is the temperature, R is the gas constant, c is the constant. Avrami exponent (n) can be obtained by n = 2.5T p 2 (¦¸F WTH ER ¹1 ) ¹1 12) where: ¦¸F WTH is the full width at half maximum of the endothermic peak, T p is the endothermic peak temperature, E is the phase transition activation energy, R is the gas constant. Microstructures of the samples were observed on the Axiovert 200MAT-type metalloscope, Jeol-2010 TEM and D/MAX-rB type X-ray diffraction (with graphite monochramator, K¡ radiation). Figure 1 shows the microstructures of the CuZn alloy without and with 2 GPa pressure treatment. The coarse grain sizes can be seen in as-cast alloy. After high pressure treatment, the grain sizes are refined obviously and thin strip characteristics appear in the microstructure. XRD (Fig. 2) analysis indicate that the microstructures of both as-cast and after 2 GPa treatment consist of ¡ (Cu solid solution) and a few ¢A (CuZn solid solution) phases, while ¢A phase mainly exist in black area by metallographic photos. TEM observation (Fig. 3 ) revealed that the dislocation density within the material after 2 GPa pressure treatment is higher than that without 2 GPa pressure treatment. It means that the shape, size, and distribution of the phases can be changed by high pressure treatment, but no new phase has been introduced.
Results and Discussions

Microstructure
Much internal stress remaining in the CuZn alloy after high pressure treatment causes plenty of lattice distortion and dislocations in the interior of grain, the latter provides more favorable nucleation sites for new phase that increases the nucleating ratio. Meanwhile, the atomic diffusion coefficient decreases and the growth of grain can be + Corresponding author, E-mail: Zhangrj@ysu.edu.cn © 2013 The Japan Institute of Metals depressed under the high pressure treatment, 13) which the fine grain microstructures can be obtained after high pressure treatment.
3.2 The solid phase transformation 3.2.1 The phase transformation at constant heating rate Figure 4 shows the DSC curves of the CuZn alloy with and without 2 GPa pressure treatment at heating rates of 10°C/min. Only one endothermic peak can be seen on each DSC curve. This peak corresponds to the solid state phase transformation of ¢A(ordered) ¼ ¢(disorderd).
14) The initial temperature, peak temperature and ending temperature as well as the duration of the phase transformation can be deduced from the DSC curves (Table 1) . It can be seen that the initial temperature, the peak temperature and the ending temperature of ¢A ¼ ¢ phase transformation all increase with increasing heating rate and that the CuZn alloy after high pressure treatment shows lower phase transformation temperature and shorter phase transformation duration than that without high pressure treatment. Taking the sample heated at the rate of 10°C/min as an example, the peak temperature and the phase transformation duration of the CuZn alloy after pressure treatment is 2.53°C and 6.3 s less than that without high pressure treatment, which is beneficial to occur ¢A ¼ ¢ phase transformation during the following heating process after 2 GPa high pressure treatment. According to the phase transformation peak value at various heating rates shown in Table 1 , linear relation of ln(BT
¹2
) and T ¹1 was obtained, as shown in Fig. 5 . The lines slope (E c /R) is achieved according to the Kissinger equation by the least square method, thus the phase transformation activation energy of ¢A ¼ ¢ with and without high pressure is obtained, i.e., 1267.93 and 1426.75 kJ/mol, respectively. The ¢A ¼ ¢ phase transition activation energy can be reduced after the high pressure treatment. It can be concluded that high pressure treatment can decrease the ¢A ¼ ¢ phase transition consumption barrier in the subsequent heating process, leads to the ¢A ¼ ¢ phase transition easier. Furthermore, the fine-grained microstructures cause the increment of the area of interface and the interfacial deficiency, in which provides more favorable channel for the diffusion of copper and zinc atoms, resulting in the atoms rearrange easily achieved in the subsequent heating process and reduce the phase transition activation energy and phase transition time, which is attributed to the ¢A ¼ ¢ phase transition.
Avrami exponent
The Avrami exponent (n) is an important kinetics parameter in characterizing the phase transformation behavior, such as nucleation and crystal growth. The average Avrami exponent (n) of the CuZn alloy before and after high pressure treatment can be obtained by the equation shown in experimental part according to the DSC data at the heating rate of 5, 10, 20°C/min respectively, as shown in Table 2 . It shows that the average Avrami exponents (n) in both cases are less than 2, indicating that high pressure treatment has little effect on the average Avrami exponent undergo our experimental conditions. The experimental results implied that high pressure treatment has little effect on the ¢A ¼ ¢ phase transformation mechanism.
15)
The metallographic microstructure picture of the CuZn alloy (Fig. 6) shows the grain sizes of the CuZn alloy after high pressure treatment is still smaller than that without high pressure treatment after the samples undergo the DSC measurement. The refined grain size is obtained after high pressure treatment lead to the increment the density of grain boundaries. Grain boundaries provide preferential nucleation sites for the solid-state phase transformation, resulting in increasing nucleus amount and decreasing grain size. Simultaneously, as can be seen from Fig. 7 and Table 3 , high pressure treatment can reduce the phase transformation temperature and can shorten the duration of the ¢(disordered) ¼ ¢A(ordered) solid phase transformation. It implies that the Cu and Zn atomic diffusion rate can be depressed and long-range atomic diffusion conducts hardly in such a short time. As a result, fine grains are formed during the following heating process after high pressure treatment. Fig. 5 The plot of lnðBT À2 Þ $ T À1 of DSC peak temperature at different heating rates. (¢ ¼ ¢A) in the cooling process, which refine the microstructure of CuAl alloy. 
Conclusion
